Introduction {#Sec1}
============

Short chain alcohols are applied as solvents, co-solvents or co-surfactants and, among other things, they can change volumetric and surface properties of surfactants \[[@CR1]--[@CR8]\]. Alcohol--water mixtures have always been seen as interesting due to their anomalous behavior such as the existence of a viscosity--composition maximum and decrease of the partial molar volume in comparison to their volume in the "pure" alcohol state. This behavior depends on the solution microstructure.

The microstructure of the bulk phase of aqueous solutions of alcohols is governed by the hydrogen bond, hydrophobic interaction and hydration, which are reflected in the enthalpy and entropy contributions in the free enthalpy of solution \[[@CR9]\]. For a dilute solution, hydrophobic hydration, consisting of water structure enhancement accompanied by entropy decrease, occurs mainly in any mixture of alcohol and water. On the other hand, when the amount of alcohol molecules is greater various structures appear, depending on the alkyl group\'s shape and alcohol concentration.

From fluorescence probe investigations Zana and Eljebari \[[@CR10]\] stated that alcohol self-association takes place in aqueous solution. The resulting alcohol aggregates appear to be short-lived and to have some properties of classical surfactant micelles. However, the concentration at which alcohols aggregation takes place, determined by other investigators \[[@CR11]--[@CR13]\], differs somewhat from that of Zana and Eljebari \[[@CR10]\].

Yoshida and Yamaguchi \[[@CR14]\] using low-frequency Raman spectroscopy proved that the structure of aqueous solutions of short chain alcohols is characterized by individual alcohol aggregates and water clusters without a significant amount of alcohol--water mixed aggregates.

Roney et al. \[[@CR15]\], based on low-frequency Raman, small-angle X-ray scattering and small-angle neutron scattering studies of various concentrations of aqueous *n*-propanol at room temperature, also stated that both water and *n*-propanol form single-component aggregates in solution.

However, in contrast to these conclusions, Alavi et al. \[[@CR16]\] suggested that the small alcohols ethanol, 1-propanol, and 2-propanol form strong hydrogen bonds with water molecules, and are usually known as inhibitors for clathrate hydrate formation. Fidler and Rodger \[[@CR17]\] stated that even methanol molecules aggregate in water, which was proved by the thermodynamic arguments of Tamaka and Gubbins \[[@CR18]\].

Independently of the opinions about the structure of the aqueous solutions of short chain alcohols, it is known that their structure influences the volumetric properties of solutions, which is reflected, among other things, by the density and viscosity values. Using the density data it is possible to calculate the apparent and partial molar volumes of both water and the alcohols, and deviations from ideality can be observed. In the literature it is possible to find many data for partial and excess volume changes as a function of composition of aqueous solutions of short chain alcohols \[[@CR19]--[@CR23]\]. Many authors stated that there is a minimum in the alcohol partial excess volume \[[@CR19]--[@CR21]\]. However, there are some different opinions about the value of this minimum for the particular alcohols and at which alcohol concentration it appears \[[@CR19]--[@CR21]\]. This minimum should be connected with the structures of water and alcohol molecules, but it is difficult to find an univocal explanation of this phenomenon.

It is known that there is a correlation between the structure of aqueous solution of a surface active agent and its tendency to adsorb at the water--air interface \[[@CR1], [@CR24], [@CR25]\].

Among other things, Yano \[[@CR25]\] stated that the maximum of the surface excess concentration of short chain alcohols does not depend on their kind and exactly coincides with the alcohol molar fraction in the bulk phase corresponding to the minimal values of their excess partial molar volumes. In contrast to Yano \[[@CR25]\], Lavi and Marmur \[[@CR26]\] suggested that two maxima may be expected on the adsorption isotherm of alcohols.

The surface excess concentration of alcohol at water--air interface is commonly determined from the Gibbs adsorption equation. To evaluate this concentration quantitatively a reliable data set of two parameters, the surface tension and the activity of alcohol in the bulk phase should be known. In most previous works the surface excess of alcohol concentration was calculated using the molar concentration instead of the alcohol\'s activity. Strey et al. \[[@CR27]\], Lavi and Marmur \[[@CR26]\] and Yano \[[@CR25]\] took into account the alcohol activity in the bulk phase in their calculations of alcohol excess concentration from the Gibbs equation. However, they pointed out clearly that the activity of alcohols determined from the Laar equation \[[@CR28]\], on the basis of their partial pressure over the solution, does not give direct information about the ideality of aqueous solutions of alcohols. As is known, two activity sets were defined \[[@CR28]\], one called symmetric and the other asymmetric. The former is based on the assumption that the solvent and solute activity coefficients go to unity as their molar fractions approach unity. The definition of the solvent activity coefficient in the case of the latter is the same, but for solute it is assumed that its activity coefficient goes to unity if the molar fraction is close to zero. It should be taken into account if the relationship between the activity of a given solute is considered in the bulk phase and surface region \[[@CR29]\]. In the literature there is lack of a clear explanation of this problem not only with regard to calculations of the surface excess concentration from the Gibbs equation, but also in consequence calculations of thermodynamic functions of the adsorption process. Taking into account the fact that in the literature there is no agreement concerning the volume and surface properties of short chain alcohols, the main purpose of our paper is to discuss this problem basing on measurements of the surface tension, density, viscosity and light scattering of aqueous solutions of these short chain alcohols.

Gibbs Isotherm of Adsorption {#Sec2}
----------------------------

For muliticomponet systems, including two phases in isobaric and isothermal processes, according to the Gibbs theory, the following equation is fulfilled for the surface region \[[@CR29]\]:$$\documentclass[12pt]{minimal}
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For constant *T* and *p*, in the equilibrium state of the reversible adsorption process, from Eq. [1](#Equ1){ref-type=""} it results that:$$\documentclass[12pt]{minimal}
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In the literature it is possible to find improper applications of this equation for determination of surface excess concentration of some surface active agents at the water--air or water--oil interface. It is particularly evident in the case of solutions in which the components are mixing in their total concentration range, for example, aqueous solutions of short chain alcohols.

It is known that the standard chemical potential can be defined in two different ways. Thus, for the surface region *S* and bulk *B* phase the chemical potential can be expressed by the following equations, respectively \[[@CR30]\]:$$\documentclass[12pt]{minimal}
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Prediction of Solution Surface Tension {#Sec3}
--------------------------------------

The solution surface tension can be predicted on the basis of the activities of the solution components in the bulk phase and surface region, as well as their molar surface area. The relationships between surface tension of nonelectrolite solutions and the activity of their components can be obtained by taking into account the definition of chemical potentials of the component *i* in the bulk and surface phases. From Eqs. [3a](#Equ3){ref-type=""} and [5a](#Equ7){ref-type=""} for aqueous solutions of short chain alcohols the Sprow and Prausnitz equations \[[@CR31]\] assume the following forms:$$\documentclass[12pt]{minimal}
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Treating alcohol as a solute but not as co-solvent, the surface tension of an aqueous solution of short chain alcohols can be predicted also on the basis of the equation resulting from Eqs. [4a](#Equ5){ref-type=""} and [6a](#Equ9){ref-type=""}. This equation has the form:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \gamma_{R} = \gamma_{A} + \frac{RT}{{\omega_{A} }}\ln \frac{{a_{A}^{*S} }}{{a_{A}^{*B} }} $$\end{document}$$Of course, for dilute solutions in Eq. [13](#Equ18){ref-type=""} the mole fraction of alcohol in the surface and bulk phase can be used instead of the activity.

Standard Gibbs Energy of Adsorption {#Sec4}
-----------------------------------

The tendency of surface active agents to adsorb at a water--air or water--oil interface can be determined on the basis of the standard Gibbs energy of adsorption ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \frac{{A_{0} }}{{A - A_{0} }}\exp \frac{{A_{0} }}{{A - A_{0} }} = \frac{C}{w}\exp \left( {\frac{{ - \Updelta G_{\text{ads}}^{0} }}{RT}} \right) $$\end{document}$$where *w* is the number of water molecules in 1 dm^3^, *A* is the area occupied per molecule at the interface and *A*~0~ is the "excluded area", i.e., the area of the interface unavailable to one molecule due to the presence of another.

In the case of aqueous solutions of alcohols, Eq. [14](#Equ19){ref-type=""} can be used if they are treated as co-surfactants and their activity coefficient is assumed to be equal to unity for dilute solutions.

Because it is sometimes difficult to obtain real results of the surface excess concentration of the surface active agent at the water--air interface for low concentrations in the bulk phase, Rosen and Aronson \[[@CR33]\] proposed another equation for calculation of $\documentclass[12pt]{minimal}
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                \begin{document}$$ f_{i}^{*} \to 1 $$\end{document}$ and *x*~i~ → 0. Thus, in the case of the alcohol, if the activity is determined on the basis of its partial pressure from the Laar equation \[[@CR28]\] as can be found in the literature \[[@CR25], [@CR34]\], as a first approximation the mole fraction of alcohol in the bulk phase may be used instead of the activity for the standard Gibbs energy of adsorption calculation.

Sometimes the equation based on a negative logarithm from surfactant concentration is useful, for which the surface tension of the solvent is reduced by 20 mN·m^−1^ (*pC*~20~). In this case Eq. [15](#Equ20){ref-type=""} assumes the form \[[@CR1], [@CR13], [@CR35]\]:$$\documentclass[12pt]{minimal}
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Experimental {#Sec5}
============

Materials {#Sec6}
---------

Methanol (99 % purity), ethanol (99 % purity) and propanol (99 % purity) were obtained from SIGMA-ALDRICH and purified by fractional distillation in the presence of magnesium with iodine as an activator \[[@CR8]\] and kept over molecular sieves. Aqueous solutions of alcohols were prepared using doubly distilled and deionized water (Milli-Q system) which had an internal specific resistance of 18.2 MΩ. The purity of water was additionally monitored by surface tension measurements before preparing the solutions. The alcohol molar fraction varied from 0 to 1.

Measurements {#Sec7}
------------

The equilibrium surface tension ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \gamma_{LV} $$\end{document}$ = 22.5 mN·m^−1^), respectively. The measured surface tension values were corrected according to the procedure of Harkins and Jordan \[[@CR36]\]. The ring was cleaned with distilled water and heated to red color with a Bunsen burner before each measurement. In all cases more than ten successive measurements were carried out. The standard deviation depending on the region of alcohol concentration was in the range from ±0.1 to ±0.25 mN·m^−1^. The measurement temperature was controlled by a jacketed vessel joined to a thermostatic water bath. All experiments were done at 293 K within ±0.1 K.

The density was measured with an U-tube densitometer (DMA 5000 Anton Paar) at a constant temperature of 293 K. The accuracies of the thermometer and the density measurements are ±0.01 K and ±0.005 kg·m^−3^, respectively. The precisions of the density and temperature measurements given by the manufacturer are ±0.001 kg·m^−3^ and ±0.001 K. The densitometer and viscosimeter were calibrated regularly with distilled and deionized water and methanol.

All viscosity measurements of the aqueous solution of studied surfactants were performed with the Anton Paar viscosimeter (AMVn) at 293 ± 0.1 K with the precision of 0.0001 mPa·s for dynamic viscosity and 0.0001 mm^2^·s^−1^ for kinematic viscosity, respectively, with an uncertainty of 0.3 %.

The size of the alcohol aggregates was determined by using a Zetasizer Nano (Malvern, UK).

Results and Discussion {#Sec8}
======================

Isotherm of Surface Tension and Activity {#Sec9}
----------------------------------------

Multiple studies by several independent experimental methods indicate that alcohol molecules aggregate in aqueous solutions \[[@CR2], [@CR10], [@CR13], [@CR15], [@CR37]--[@CR39]\]. This is also reflected in surface tension isotherms. On these isotherms break points were found which suggest that at a given alcohol concentration, aggregation of its molecules takes place \[[@CR2], [@CR12]--[@CR14], [@CR24]--[@CR26]\]. The data presented in Fig. [1](#Fig1){ref-type="fig"} (Supplementary Table S1) confirms the presence of break points on the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \gamma_{LV} $$\end{document}$ is the surface tension of aqueous solution of alcohols and $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$ is their mole fraction). However, the break point for propanol is most evident (Fig. [1](#Fig1){ref-type="fig"}, curve 3), but it is somewhat doubtful for methanol (Fig. [1](#Fig1){ref-type="fig"}, curve 1).Fig. 1A plot of the surface tension of alcohol (*γ*~*LV*~) versus logarithm (base 10) of alcohol molar faction in the bulk phase ($\documentclass[12pt]{minimal}
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                \begin{document}$$ a_{A}^{B} $$\end{document}$) (curves 1′--3′). Curves 1, 1′ correspond to methanol, curves 2, 2′ to ethanol and curves 3, 3′ to propanol. The plot of surface tension data is taken from \[[@CR42]\]

The values of the mole fraction corresponding to the aggregation of methanol, ethanol and propanol determined on the basis of the surface tension isotherms are equal to 0.279, 0.167 and 0.07, respectively (Table [1](#Tab1){ref-type="table"}). These values for ethanol and propanol are close to those determined by Kahlweit et al. \[[@CR11]\] at 25 °C, but are lower than those obtained by Zana and Eljebari \[[@CR10]\], and Hayashi and Udagawa \[[@CR12]\]. In the case of methanol the molar fraction corresponding to the break point on the curve $\documentclass[12pt]{minimal}
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                \begin{document}$$ \gamma_{LV} - \log x_{A}^{B} $$\end{document}$ (Fig. [1](#Fig1){ref-type="fig"}, curve 1) is considerably lower than that of the operational critical mole fraction of methanol aggregation determined by Zana and Eljebari \[[@CR10]\]. Because of this disagreement we carried out measurements of the aggregate size of methanol, ethanol and propanol by using a Zetasizer Nano (Malvern, UK) in the range of molar fractions in which the presence of alcohols in aggregated form can be expected on the basis of our surface tension, density and viscosity results and the literature data. Additionally we carried out such measurements for "pure" alcohols, their dilute aqueous solutions and solutions at alcohol molar fraction equal to 0.5. On the basis of these measurements and the partial alcohol molar volume corresponding to a given alcohol concentration, the aggregation number of its molecules was calculated. For these calculations, spherical aggregates were assumed. Evidence of alcohol aggregates was obtained, at first approximation, in the range of molar fraction corresponding to the break points on the surface tension, density and viscosity isotherms, and above the alcohol molar fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$ X_{A}^{B} = 0.5 $$\end{document}$; the size of the aggregates was not identified by the Zetasizer Nano measurements (Supplementary Table S2). From light scattering measurements by Zetasizer Nano it appears that probably, at most trimers of methanol associated by hydrogen bonds could be present in the solutions. In the case of ethanol it is possible that aggregation of its molecules takes place not only by interaction of hydrogen bonds but also of hydrophobic ones because ethanol aggregates can include more than 5 molecules. It appears that the aggregation number of ethanol increased slightly from 5 to 9 molecules in the range of its molar fraction, including all literature data, at which ethanol aggregation was expected. The aggregation number of ethanol agrees with that found in the literature \[[@CR24]\]. The biggest aggregates are formed by propanol molecules which the size increase in the range of its molar fraction from 0.07 to 0.1. At mole fraction equal to 0.07 eleven-member aggregates can be formed (Supplementary Table S2), which is in accordance with the Roney et al. \[[@CR15]\] study. They stated that the hydrophobic association of propanol is independent of the hydrogen bonding state and results in the formation of an approximately a 10-member micelle structure centered around the propanol chains. However, at concentration of 0.1, close to that proposed by Zana and Eljebari \[[@CR10]\], the biggest aggregates are formed, including somewhat more than 40 molecules. The possibility of forming aggregates of alcohol and water separately and alcohol--water aggregates in the bulk phase and at the water--air interface should be demonstrated by the alcohol activity in the bulk and surface phase. However, it is obvious that break points on $\documentclass[12pt]{minimal}
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                \begin{document}$$ a_{A}^{B} $$\end{document}$), determined on the basis of the Laar equation \[[@CR28]\], differ only slightly among the alcohols (Fig. [1](#Fig1){ref-type="fig"}). From the data presented in Fig. [1](#Fig1){ref-type="fig"} it can be expected that the activity of each alcohol in the surface monolayer, determined from Eq. [12](#Equ17){ref-type=""} on the assumption that the molar area does not depend on the type of alcohol (1.26 × 10^5^ m^2^·mol^−1^) \[[@CR34]\] and its concentration, should be the same as that calculated from the following equation \[[@CR40]\]:$$\documentclass[12pt]{minimal}
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However, for all alcohols, there are differences between the activities calculated from Eqs. [12](#Equ17){ref-type=""} and [17](#Equ22){ref-type=""} (Supplementary Fig. S1). This means that the molar surface area of methanol, ethanol and propanol depends on their concentration and/or the activity of alcohols in the bulk phase, calculated from the Laar equation \[[@CR28]\] on the basis of partial pressure of alcohols over aqueous solutions, and does not show the real interaction of alcohol molecules in aqueous solutions. To explain this problem we calculated the activity of alcohol in the surface layer on the basis of Eq. [11](#Equ16){ref-type=""}. Because in our case the activity of water ($\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{W}^{A} \to 1 $$\end{document}$, respectively), the activity of water used in Eq. [11](#Equ16){ref-type=""} is equal to 1 − $\documentclass[12pt]{minimal}
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                \begin{document}$$ a_{W}^{S} $$\end{document}$. For all calculations using Eq. [11](#Equ16){ref-type=""} it was assumed that the molar area of water is constant for all solutions studied, equal to 0.6023 × 10^5^ m^2^·mol^−1^. From Supplementary Fig. S1 it appears that the activities of the alcohols calculated in this way are closer to those determined from Eq. [17](#Equ22){ref-type=""} than those calculated from Eq. [12](#Equ17){ref-type=""}. This suggests that the structure of water at the solution--air interface is practically independent of the type of alcohol and their concentration, which is in accordance with low-frequency Raman studies of various concentrations of aqueous solution of propanol carried out by Roney et al. \[[@CR15]\]. From these studies it seems that the water structure is largely unaffected except for a small amount of disruption at the interface between the bulk solvent and propanol clusters, with the formation of small water clusters at the interface with bulk-like solvent that interact with hydroxyl groups at the end of the propanol chain \[[@CR15]\]. It is possible that the same phenomena occurs in ethanol solution, but it is unlikely in those of methanol. The agreement between the activity values calculated from Eq. [11](#Equ16){ref-type=""} \[[@CR31]\] and 17 does not explain exactly where the molar area of alcohols is equal to 1.26 × 10^5^ m^2^·mol^−1^ and does not depend on their concentration in solution. Assuming that these conditions are really fulfilled, it is possible to calculate the activity of alcohols in the bulk phase from Eq. [12](#Equ17){ref-type=""} taking into account the values of alcohol activity obtained from Eq. [17](#Equ22){ref-type=""}. As is seen from Supplementary Fig. S2, there are differences between the activity of an alcohol calculated from the Laar \[[@CR28]\] equation and Eq. [11](#Equ16){ref-type=""} \[[@CR31]\]. These differences are the smallest for methanol over the whole range of its concentration in solution. If the values of alcohol activities calculated from Eq. [11](#Equ16){ref-type=""} \[[@CR31]\], on the assumptions mentioned above, are the real activities of alcohols determined on the basis of Eq. [12](#Equ17){ref-type=""}, then they should be the same as those calculated from Eq. [17](#Equ22){ref-type=""}. The alcohol activity determined on the basis of Eq. [12](#Equ17){ref-type=""}, with the assumption that the sum of the activities of water and alcohol in the bulk phase and surface region are equal to unity for all alcohols, is nearly the same as that calculated from Eq. [17](#Equ22){ref-type=""}. However, this agreement suggests that it is possible that the alcohol activities calculated from the Laar equation are somewhat different from the real ones, but it is not impossible that the molar area of alcohol changes as a function of its concentration in solution. This change is probably the smallest for methanol because the difference between the activities calculated from the Laar equation \[[@CR28]\] and Eq. [11](#Equ16){ref-type=""} \[[@CR31]\] are the smallest. It is interesting that the dependence of the surface tension on the logarithm of the activity calculated on the basis of Eq. [11](#Equ16){ref-type=""} \[[@CR31]\] can, practically, be described by one $\documentclass[12pt]{minimal}
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                \begin{document}$$ \gamma_{LV} - \log_{10} a_{A}^{B} $$\end{document}$ curve for all alcohols studied (Supplementary Fig. S3). However, no break points are observed on this curve.

Excess of Alcohol Surface Concentration {#Sec10}
---------------------------------------

According to the general form of Eq. [2](#Equ2){ref-type=""} and the definition of the chemical potential, it is possible to determine the correct values of the surface excess of alcohol concentration at the solution--air interface if we take into account its activity in the bulk phase, which is sometimes negligible. As was mentioned above, using the activity of alcohol defined in both ways, it is possible to obtain the same values of the surface excess of alcohol concentration Γ. However, in our case it is impossible to establish the alcohol activity on the assumption that $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{i} \to 0 $$\end{document}$. On this assumption, in a narrow range of alcohol concentration the values of Γ determined by using the mole fraction of alcohol and its activity defined in the second way should be the same.

This is confirmed by the data presented in Fig. [2](#Fig2){ref-type="fig"} and Supplementary Figs. S4a and S4b. In the range of alcohol concentrations at which the values of Γ calculated on the basis of $\documentclass[12pt]{minimal}
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                \begin{document}$$ a_{A}^{B} $$\end{document}$ fulfill Eq. [9](#Equ14){ref-type=""}, the aqueous solution of alcohol according to the definition can be treated as ideal. This concentration range decreases from methanol to propanol and is even narrower for methanol, as reported by Omelyan et al. \[[@CR41]\] ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \Upgamma_{A}^{(W)} $$\end{document}$ determined on the basis of the Gibbs equation into Eq. [18](#Equ23){ref-type=""}, the Guggenheim--Adam surface excess concentration was calculated.

Of course, the values of alcohol surface excess concentration calculated from Eq. [18](#Equ23){ref-type=""} are close to those calculated from the Gibbs equation only in the range of alcohol concentration narrower than that corresponding to the maximum on the adsorption isotherm as would be expected. According to the studies of Yano \[[@CR25]\], on all Gibbs and Guggenheim--Adam adsorption isotherms only one maximum of Γ was observed. This maximum occurred at the same concentration of propanol in solution for the Gibbs and Guggenheim--Adam isotherms (Supplementary Fig. S4b). For ethanol the maximum of $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Upgamma_{A}^{(W)} $$\end{document}$. But if we take into account the alcohol activity in the bulk phase of the solution calculated from Eq. [11](#Equ16){ref-type=""} in the way mentioned above, then two maxima on both Gibbs and Guggenheim--Adam isotherms are observed, as suggested by Lavi and Marmur \[[@CR26]\] (Supplementary Figs. S5, S6). From Supplementary Fig. S5 it is clearly seen that these maxima appear at different molar fractions for each alcohol studied, and the different molar fractions depend on the kind of isotherm. It is very interesting that if we express the Gibbs and Guggenheim--Adam adsorption isotherms in the form of dependence between the alcohol surface excess concentration and its activity in the bulk phase then the second maximum on the isotherm of Guggenheim--Adam depends on the kind of the alcohol. However, the isotherm of Gibbs for all alcohols has the same shape, the second maximum corresponds to the activity equal to 0.5, and the differences between the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Upgamma_{A}^{(W)} $$\end{document}$ values for methanol, ethanol and propanol are small. It should be expected that at alcohol activity equal to 0.5 aggregates of alcohol are formed because this activity at first approximation corresponds to the molar fraction at which some inflection points are observed (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}) on the isotherms of the surface tension, density and viscosity of aqueous solutions of alcohols. It is possible that two maxima on the Gibbs adsorption isotherm shown in Supplementary Fig. S6 can point to different tendencies to adsorb single molecules of alcohols, dimers and larger aggregates of alcohols at the solution--air interface. The surface excess of alcohol concentration should be reflected by a difference between the alcohol activity in the surface layer and bulk phase. This is confirmed by the data presented in Fig. [2](#Fig2){ref-type="fig"} and Supplementary Figs. S4a and S4b. The shape of the curves representing the changes of the difference between alcohol activity in the surface layer and bulk phase as a function of alcohol mole fraction is somewhat similar to the isotherm of Guggenheim--Adam. Of course, the maxima on these curves are slightly shifted in comparison to those on the Guggenheim--Adam adsorption isotherm. However, these changes confirm the relationship between the form in which alcohol is present in the bulk phase and its tendency to adsorb at solution--air interface.Fig. 3Dependence of the density of alcohol aqueous solutions (*ρ*) on its molar fraction in the bulk phase ($\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$). Curves 1, 2, and 3 correspond to methanol, ethanol and propanol, respectivelyFig. 4Dependence of the viscosity of aqueous alcohol solutions (*η*) on its molar fraction in the bulk phase ($\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$). Curves 1, 2 and 3 correspond to the dynamic viscosities of methanol, ethanol and propanol, respectively, and curves 1′, 2′ and 3′ to their kinematic viscosity

The Standard Gibbs Energy of Alcohol Adsorption {#Sec11}
-----------------------------------------------

The standard Gibbs energy of adsorption ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$) is a measure of alcohol's tendency to adsorb at the interface. Because the dilute aqueous alcohol solutions can be treated as ideal, as confirmed above, it is possible to calculate the standard Gibbs energy of alcohol adsorption from Eq. [14](#Equ19){ref-type=""} on the basis of the alcohol surface excess concentration calculated from the Gibbs isotherm equation corresponding to a low alcohol concentration in the bulk phase. The $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ values calculated from Eq. [14](#Equ19){ref-type=""} indicate that the differences between the standard Gibbs energy of adsorption of methanol, ethanol and propanol are nearly the same and correspond to the work of transfer of one mole of --CH~2~-- group from the bulk phase to the surface region determined from the data obtained for classical surfactants \[[@CR1]\].

It is interesting that the standard Gibbs energy of methanol adsorption is close to that of two moles of --CH~2~ groups, which is in accordance with our above considerations. To calculate the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ from Eq. [14](#Equ19){ref-type=""}, correct data of the surface tension at low concentrations of surface active agents are needed. As known, it is sometimes difficult to obtain good data at this concentration of surface active agents; therefore, Eq. [15](#Equ20){ref-type=""} is used for $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ calculation, based on the data corresponding to saturated surface monolayer at the solution--air interface. The application of this equation to classical surfactants is understandable because it is possible to assume that the surfactant activity corresponding to the saturated monolayer is practically equal to its molar fraction. However, for such surface active agents as alcohols the application of Eq. [15](#Equ20){ref-type=""} is more complicated. It was stated earlier \[[@CR43]\] that using Eq. [15](#Equ20){ref-type=""} for the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$calculation for methanol, ethanol and propanol, the same values are obtained for all alcohols (Table [2](#Tab2){ref-type="table"}), if in this equation the alcohol activity determined from the Laar equation \[[@CR28]\] (on the basis of partial pressure of the alcohol solution) is used \[[@CR27], [@CR44]\]. On the other hand, it should be remembered that the activity of alcohols can be defined in two ways as mentioned above. Thus, if Eq. [9](#Equ14){ref-type=""} is fulfilled the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ for short chain alcohols can be calculated on the basis of the mole fraction of alcohol corresponding to saturated monolayer of alcohol at the solution--air interface. The values of $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ calculated in this way from Eq. [15](#Equ20){ref-type=""} are, for each alcohol, somewhat lower than those calculated from the Langmuir equation (Eq. [14](#Equ19){ref-type=""}) \[[@CR1]\]. However, the differences between $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ values for each alcohol studied are similar. This confirms the conclusion drawn above that, at the alcohol concentration corresponding to a saturated monolayer at the solution--air interface, the aqueous solution of alcohol is not ideal, and in such case Eq. [15](#Equ20){ref-type=""} gives different values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ than those determined form the Langmuir equation (Eq. [14](#Equ19){ref-type=""}) \[[@CR1]\]. Sometimes it is convenient to determine $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ from Eq. [16](#Equ21){ref-type=""} \[[@CR35]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ values calculated from this equation differ considerably from those determined from Langmuir equation (Eq. [14](#Equ19){ref-type=""}) \[[@CR1]\]. This probably resulted from the fact that the constant in Gamboa and Olea's equation \[[@CR35]\] (Eq. [16](#Equ21){ref-type=""}), equal to 1.3, is not acceptable. Thus, this equation was modified by us and new constants were proposed in this equation. The $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ values calculated from this equation are closer to those obtained from the Langmuir \[[@CR1]\] (Eq. [14](#Equ19){ref-type=""}) and Rosen and Aronson equations \[[@CR33]\] (Eq. [15](#Equ20){ref-type=""}). On the basis of many data for the standard Gibbs energy of adsorption of classical surfactants it was found that a part of this energy corresponding to --CH~2~-- groups lies in the range of −3.5 to −3 kJ·mol^−1^. Assuming that the average value is equal to −3.25 kJ·mol^−1^ and that the --CH~3~ group corresponds to two --CH~2~ groups \[[@CR45]\], we obtain the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{ 0} $$\end{document}$ values for methanol, ethanol and propanol equal to −6.5, −9.75 and −13 kJ·mol^−1^, respectively. These values are very close to average ones calculated from the Langmuir (Eq. [14](#Equ19){ref-type=""}) \[[@CR1]\], Rosen and Aronson (Eq. [15](#Equ20){ref-type=""}) \[[@CR33]\] and modified Gamboa and Olea equations (Eq. [16](#Equ21){ref-type=""}) \[[@CR35]\].Table 2Values of the standard Gibbs energy of alcohol adsorption calculated from different equationsEquationStandard Gibbs energy of alcohol adsorption ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{ads}}^{0} $$\end{document}$ in kJ·mol^−1^)MethanolEthanolPropanolEq. [14](#Equ19){ref-type=""}−6.26 ± 0.38−9.28 ± 0.42−12.41 ± 0.43Eq. [15](#Equ20){ref-type=""}−6.23^a^ ± 0.4−6.91^a^ ± 0.41−6.68^a^ ± 0.39−7.86^b^ ± 0.45−10,41^b^ ± 0.49−13,51^b^ ± 0.5Eq. [16](#Equ21){ref-type=""}−3.75^c^ ± 0.29−6.14^c^ ± 0.33−9.39^c^ ± 0.39−6.57^d^ ± 0.31−11.02^d^ ± 0.35−14.37^d^ ± 0.45−6.5−9.75−13^a^Determined on the basis of alcohol activity if *x*~2~ → 1 then *f* → 1^b^Determined on the basis of *x*~2~ values^c^Calculated for *K* = 1.3^d^Calculated for *K* = 2.16, 2.17 and 2.18 for methanol, ethanol and propanol, respectively

The Volumetric Properties of Alcohols {#Sec12}
-------------------------------------

The changes of the structure of aqueous solutions of alcohols should be reflected in the changes of their density and viscosity (Fig. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}; Supplementary Tables S4, S5). Similar to the isotherms of the surface tension (Fig. [1](#Fig1){ref-type="fig"}; Supplementary Table S1) and the viscosity and density isotherms (Fig. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}), it is possible to find some points which correspond to the concentration of alcohol at which aggregation of its molecules occurs, as mentioned above. The concentrations of alcohols corresponding to these points are listed in Table [1](#Tab1){ref-type="table"}. From this table it is seen that the values of this concentration for propanol determined from the isotherms of the surface tension, viscosity and density are practically the same. However, for methanol there are some differences among these values.

Of course, it is possible to obtain more information about the volumetric properties of alcohol from the apparent (*ϕ*~v~) and partial ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{V}_{M} $$\end{document}$) molar volumes.

The apparent volume was determined from the following equation \[[@CR46], [@CR47]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \phi_{V} = \frac{{M_{S} }}{{\rho_{0} }} + \frac{{1000\left( {\rho_{0} - \rho } \right)}}{C} $$\end{document}$$where *M*~S~ is the molecular weight of alcohol, *C* is the concentration of alcohol in mol·cm^−3^ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \rho_{0} $$\end{document}$ is the density of the pure solvent.

The partial molar volume $\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{V}_{M} $$\end{document}$ was calculated from the following equation \[[@CR48]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{V}_{M} = \frac{{M_{S} }}{\rho }\left[ {1 - \frac{{\left( {100 - c_{p} } \right)}}{\rho }\frac{d\rho }{{dc_{p} }}} \right] $$\end{document}$$The *ρ* data were fit a polynomial of *C*~*p*~ given by:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \rho = a + bC_{p} + dC_{p}^{2} $$\end{document}$$where *a*, *b* and *d* are the constants.

The calculated values of apparent molar volume of methanol, ethanol and propanol indicate that, in contrast to Benson and Kiyohara \[[@CR19]\] in the case of methanol, no extremum is observed on curves $\documentclass[12pt]{minimal}
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                \begin{document}$$ \varphi_{V} - x_{A}^{B} $$\end{document}$ (Supplementary Fig. S7a). However, for ethanol and propanol there are minima in their excess apparent molar volumes. The minimum for ethanol corresponds to $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$ = 0.1 which is higher than the mole fraction at which the maximum Gibbs surface excess occurs, being lower than the concentration at which aggregation of ethanol molecules takes place. A minimum of the apparent molar volume is also observed for propanol, but at $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$ = 0.06 which is somewhat lower than the concentration of alcohol aggregation. However, this minimum is higher than the molar fraction of propanol at which maximal surface excess occurs. Of course, the minimum of the molar alcohol volume corresponds to the maximum of negative volume excess ($\documentclass[12pt]{minimal}
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                \begin{document}$$ V_{A}^{\text{E}} $$\end{document}$). The maximal $\documentclass[12pt]{minimal}
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                \begin{document}$$ V_{A}^{\text{E}} $$\end{document}$ of alcohol in aqueous solutions determined by us (Supplementary Fig. S8) for ethanol and propanol agree with that by Benson and Kiyohara \[[@CR19]\] and Dethlefsen et al. \[[@CR20]\]; however, they appear at different alcohol concentrations.

To explain the change of the excess volumes of alcohols in aqueous solutions let us consider the change of molecular volumes of alcohols on the basis of density measurements of these solutions. A least-squares analysis of the volume of *n*-alkane molecules in the liquid phase, at different temperatures, leads to the conclusion that this volume can be expressed by the simple relation \[[@CR49]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ V = \left( {l + d} \right)\left( {w + d} \right)^{2} $$\end{document}$$where *V* is the volume of the molecule, *l* and *w* are the length and width of the molecule, and *d* is the constant value for a given temperature corresponding to the intermolecular distance.

It appears that the volumes of *n*-alkanes calculated from Eq. [22](#Equ27){ref-type=""} for *d* equal 2 Å \[[@CR49]\] are nearly the same as those obtained from the density data. Assuming that this equation can be applied, to a first approximation, to *n*-alcohols and taking into account *w* = 2.6 Å \[[@CR50], [@CR51]\], *d* = 2 Å \[[@CR49]\] and *V* equal to the volume of one molecule of alcohol calculated from the density data, we can calculate the length of the alcohol molecule in the liquid state. The values of *l* calculated in this way for methanol, ethanol and propanol are lower than those given by Raina et al. \[[@CR24]\] (Supplementary Table S6) determined on the basis of the particular bond lengths. However, if we assume the minimal possible value of *d* = 1.58 Å \[[@CR52]\], the calculated molecule lengths of methanol, ethanol and propanol are close to those of the alcohols obtained from summarizing the distance between H--C, C--C, C--O and O--H \[[@CR53]\]. The adsorption data of alcohol on solid surface and at the water--air interface indicate that the area occupied by one alcohol molecule in a vertical orientation is in the range 20--21 Å^2^ \[[@CR1], [@CR29]\]. This is in agreement with the value calculated from Eq. [22](#Equ27){ref-type=""} for *w* = 2.6 Å and *d* = 2 Å (21.16 Å^2^), but if we assume the length of alcohol molecule is equal to the value given by Raina et al. \[[@CR24]\] then the surface area is equal to 17.47 Å^2^. Thus, the question is which distance between alcohol molecules is more realistic in the bulk phase. It is known that molecules of short chain alcohols can be associated by hydrogen bonding. In such cases the average molecule length which results from its volume in the bulk phase, determined from the density data, is lower than that calculated on the basis of the distance between the particular atoms in the molecule; therefore, the distance between molecules equal to 2 Å is more justified than that based on *d* = 1.58 Å. If so, then the contraction of the molar volume of alcohol in water can result from possible changes of the *d* value from 2 to 1.58 Å. The minimal and maximal values of the mole volume of alcohol calculated from Eq. [22](#Equ27){ref-type=""} on the basis of these data are presented in Supplementary Table S6. Comparing these values with apparent and partial mole volumes calculated from the density data, we can state that the minimal molar volume of methanol obtained from the density data for $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} \to 0 $$\end{document}$ is nearly the same as calculated from Eq. [22](#Equ27){ref-type=""}. It is practically impossible that a minimum of excess volume could occur for methanol as suggested by some investigators. In the case of ethanol and propanol the minimal values of the mole volume calculated from Eq. [22](#Equ27){ref-type=""} are lower than the minimal ones determined from the density and the existence of a maximal excess volume is therefore justified. From comparison of the molar volume of alcohol calculated from the density data and Eq. [22](#Equ27){ref-type=""} it seems that the excess volume of the alcohol in aqueous solution results from the change of the intermolecular distance, which is connected with aggregation of alcohol molecules and the number of alcohol molecules joined by hydrogen bonds and/or by hydrophobic interactions between the alcohol chains.

Changes of the apparent molar volumes of the alcohols as a function of mole fraction indicate that aqueous solutions of alcohols are nonideal in a wide concentration range as was mentioned above. Nonideality of solutions is, among other things, reflected in changes of the excess volume of solution in comparison to ideal mixtures of the same components. To calculate this excess, first the partial molar volume of water was calculated (Supplementary Fig. S9). Supplementary Fig. S9 shows that if $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{W}^{B} \to 0 $$\end{document}$ then the partial molar volume of water in solutions of methanol and ethanol approaches 14 × 10^−6^ m^3^·mol^−1^ \[[@CR28]\], which is in accordance with commonly assumed values. In the case of aqueous solutions of propanol the partial molar volume of infinitely dilute water in propanol is equal to 15.6 × 10^−6^ m^3^·mol^−1^. Taking into account the alcohol and water partial molar volumes at a given alcohol concentration, the sum of these volumes was calculated and is presented in Fig. [5](#Fig5){ref-type="fig"}.Fig. 5A plot of the sum of water and alcohol partial molar volumes against the alcohol molar fraction in the bulk phase ($\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$)

From this figure it is seen that the shape of the curves showing the changes of the sum of the partial molar volumes of alcohol and water as a function of alcohol mole fraction in the bulk phase is similar for each alcohol solutions and the maximum corresponding to $\documentclass[12pt]{minimal}
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                \begin{document}$$ x_{A}^{B} $$\end{document}$ = 0.5 is observed on these curves. This maximum indicates that there is a minimum in the deviation between the volume of real and ideal solution if the ratio of alcohol molecules to water is 1:1. It is interesting that the changes of the sum of partial polar volumes of water and alcohol as a function of the solution composition is somewhat similar to changes of excess free enthalpy of water and alcohol mixing \[[@CR54], [@CR55]\]. This energy is positive and nearly symmetrical about *x*~2~ = 0.5 and depends on enthalpy and entropy effects. Thus, if mixtures of alcohol with water are made, some hydrogen bonds are broken endothermically and new ones are made exothermically, the enthalpy will be the difference between two much larger thermal effects. Simultaneously a loss of entropy takes places. In aqueous solutions of alcohols, alcohol--alcohol, water--water and alcohol--water molecules joined by hydrogen bonds and aggregates of alcohol formed by hydrophobic interactions are present. The measurements of the size of alcohol molecules by the Zetasizer Nano at *x*~2~ = 0.5 indicate that there are not large aggregates of alcohols. Probably dimers of alcohols are present, but also the formation of the alcohol--water hydrogen bonds cannot be excluded. From the thermodynamic properties of water--ethanol mixtures it results that the entropy effect is decisive for the changes of excess Gibbs energy of mixing. Thus a proper order of the associated alcohol and hydrated water molecules at *x*~2~ = 0.5 has a higher contribution to the excess Gibbs energy than disruption and formation of hydrogen bonds in comparison to "pure" water and alcohol. Therefore, probably a minimal excess of the sum of water and alcohol molar volumes is observed at *x*~2~ = 0.5.

Conclusions {#Sec13}
===========

Measurements of the isotherm of surface tension, density, viscosity and the light scattering show clearly that even methanol forms some aggregates, which for ethanol and propanol are like small micelles at some solution concentrations.

In contrast to other investigators, aqueous solution ideality of short chain alcohols in the range of their concentration from zero to that corresponding to the maximal value of alcohol surface excess concentration was not proved, but a dependence between the maximal value of alcohol surface excess concentration at the solution--air interface and kind of alcohol was observed.

Contrary to expectation, the activity of alcohol in the surface monolayer cannot be determined on the basis of the Sprow and Prausnitz equation, taking into account the activity of alcohol in the bulk phase determined from the Laar equation on the basis of partial pressure of alcohol over the solution and the constant value of the molar area of alcohol in the surface layer. However, it is possible to predict the alcohol activity from these equations, taking into account the activity of water in the bulk phase and the constant value of the water molar area.

The standard Gibbs energy of alcohol adsorption at the water--air interface can be determined successfully both by Langmuir and Rosen and Aronson equations only in the case where asymmetric definitions of the activity are taken into account and, if according to this definition, the solution does not deviate from the ideality in the range of the surface active agent concentrations at which saturated adsorbed monolayer is formed.

There is a contraction minimum of the volume of solutions after mixing alcohol with water if the ratio of their molecules is 1:1, which correlate with the maximum of the surface free enthalpy excess of alcohol and water mixing and is close to the minimal enthalpy and entropy effects, indicating that the decisive contribution of the entropy to volume excess of sum of water and alcohol volumes at molar fraction of alcohol equal to 0.5.
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